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1. INTRODUCTION

Although many factors can affect the durability and integrity of
adhesively bonded metal structures, it has been reallzed for years that
proper chemical treatment of the metal prior to adhesive bonding 1s essen-
tial for developing the bond strengths necessary for high-performance air-
craft applications. In the past, surface preparation methods have been
developed principally through an empirical approach, often with 1little
understanding of why one method was superior (or inferior) to another. Motre
raecently, however, various investigators have suggested that the microscopic
morphology of the surface oxide which 1s formed in the pretreatment process
18 important in determining the bondability of the metal parts.(1-6) 1n
particular, recent work at Martin Marietta Laboratories, using ultra~high
resolution scanning transmission electton microscopy (STEM), has demonstrated
conclusively that two commercially important pretreatment processes for Al
adherends are successful because they nrovide favorable oxide morphologies,
i1.e., thoge that can interlock mechanically with the adhesive to form a
much stronger bond than would be otherwise possible.(G)

The STEM, operated in the SEM mode, has an order-of-magnitude greater

resolving power than a conventional SEM (20 A vs 200 A). Consequently,

1. P.,F.A. Bijlmer, J+ Adhesion 5. 319 (1975)-
2, P.F.A. Bijlmer and R.J. Schliekelman, SAMPE Quarterly 5(1), 13 (1973).

3. A. Pattnalk and J.D. Meakin, Franklin Institute Research Laboratories
Technical Repott 4699, 1974.

4, T. Smith, Rockwell International Report AFML-TR~74~73, 1975,

5. J.M. Chen, T.S. Sun, J.D. Venables, and R. Hopping, Proc. 22nd
National SAMPE Symposium (San Diego, CA, 1977) p. 25.

6. JeDs Venablea, DK, MCNﬂmara, JeM. Chen, TeSe Sun, and R.L. Hopping,
Appl. Surface Sci. 3, 88 (1979).
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this technique 1s 1deally suited for studying the morphology of oxides on
Al. For example, using this instrument, we (at Martin Marietta Laboratories)
were the first to observe 100 A-diameter oxide whiskers protruding from the
surface of the oxide. These whiskers provide a "fiber reinforced interface”
between the oxide and epoxy, thus increasing the bond atrength.(5-6)

In addition to using the STEM to observe the morphology of Al
adherends, tesearchers at Martin Marietta Laberatories have also used Auger/
ESCA techniques to chatracterize the chemical nature of these surfaces, and
electron diffraction to determine the atomic arrangement in the oxides.
Using similar techniques, we have attempted to characterize T{ adherends
prepared according to a variety of different pretreatment procesaes.
Unlike the adhesive bonding of Al, in which only three main pretreatment
processes (FPL, PAA, or CAA) are used, Ti bonding involves many more pro-
cesses.,

Histotrically, the poor durability of adhesively bonded titanium
preparted by alkaline cleaning as well as the phosphate fluoride process
was first pointed out hy Wegman.(7) He subsequently developed a modified
phosphate fluoride process that increased time~to-failure of stremsed lap
shear nanels by nearlv an order of magnitude. The durability of bonds to
these surfaces has heen compared with that produced by other chemical
pretreatments, such as the Turco 5578 and the VAST abrasive surface treat—

ment, by Felsen.(a) (However, Felsen found, in contrast with Wegman's re-

gults, that the surface pretreatments produced very sgimilar bond durability.)

7. R.F, Wegman and M.J. Bondnar, SAMPE Quarterly 5, 28 (1973).
8, M.J. Felren, "Materials Synerglsms.,” Proc. 10th National SAMPE Tech-
nical Conference Series, Vol. 10, p. 100, 1978.




In another comparative study, alkaline peroxide treatments were
found to yield more durable bonds than the modified and original phosphate
fluoride processes.(9) Other procesgses combine abrasive and chemical
treatments, such as liquid hone PASA JELL 107 treatment, which abrades
with a slurry of alumina particles, and dry hone PASA JELL 107 treatment,
which abrades dry. In addition, an anodization process has been developed
that uses chromic acid doped with ammonium fluoride. (10)

To determine the surface morphology and surface chemiatry produced
by these pretreatments, and which provides the most durable bunds, a program

was developed to evaluate these pretreatments in three coordinated tasks:

1) Studies of both prebonded and adhesively failed surfaces using
the STEM in both the high-resolution SEM and electron diffrac-
tion modes, and Auger/ESCA techniques.

2) Lap shear tests of bonded and primed Ti-0Al-4V panels.

3) Wedge tests of bonded and primed Ti=6Al-4V panels.

In this program, we at the Laboratories are performing the surface analysis
while Wegman at AARADCOM and Brown at NADC are performing the lap shear
and wedge tests, respectively, 1In this report, we present the results of

our studies on the bondability of Ti adherends.

9, A, Mahoon and J. Cotter, i.bidc, Pe 425,
10. Y. Maji and J.A. Marceau, U.S. Patent 3,959,091, May 25, 1976.




2, EXPERIMENTAL PROCEDURE

Surface Treatment

Table 1 1lists all the pretreatments used to prepare Ti adherends
(the Ti symbol is used throughout to indicate the Ti-6Al=-4V alloy). Except
for the alkaline peroxide~treated specimens, all surfaces were prepared

elsewhere,

Machanical Testing /

Wedge and lap shear tests were performed by Brown and Wegman, respec—
tively. The failure analysis reported here was performed on specimens

that they supplied to us.

Sample Preparation

Spacimen gurfaces were examined by SEM in a JEOL 100~CX STEM. To
reduce charging, the surfaces were coated with an extremely thin layer of
Pt using secondary ion deposition. Only the minimum coating thicknees
(~ 20 A) needed for charge suppression was applied to avoid obscuring
surface fine structure. Stereo palrs of the surface were obtained on a
split screen CRT using a 7° tilt angle.

Since adhesive bonding directly involves only the top few atomic
layers of the oxlde, a contaminant only a fraction of a monolayer thick
could reduce the bond streugth significantly. To analyze the chemical
composition of the pretreatment surface, both ESCA and AES were used. An
Art+ fon sputtering gua incorporated in the electron spectrometer (Physical

Electronics/model 548) enabled us to obtain depth profiles of the monitored

- 10 -
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specles. Auper depth profiles were also used to estimate oxide thicknesa.
Sun et al. have preaentedcll) a discussion on Auger depth profiling of ad-
herends to determine oxide thickneeses.

Crystal stricture analysis of the adherends produced by the various
pretreatments was performed using the electron diffraction mode of the TEM
portion of the STEM. Thin films suitable for electron tranemission were
prepared by 1on milling. Oxides were then grown on these thin metallic

films by using the various pretreatments.

11. TeSe Sun. D.X. MCNamara, JeSe Ahearn, B.M, Ditchek, JeDe Venablea,
and J«M. Chen, submitted to Applications of Surface Science.

-12 -
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3. RESULTS

Characterization of T{ Adherends

Table 1 lists the various surface treatments investigated in this
study and provides some comments on their effect on Ti surfaces. Although
the appearances of these treated surfaces varied considerably, it was pos-
sible to categorize them into three groups according to similarities 1in
their morphologies. Group I adherends, which include both the PF and MPF
pretreatments (notation defined in Table 1), display little macro~ or micro-
roughness.* Group II adherends, on rhe other hand, all exhibit a 1large
degree of macro-roughness. The DA, LP, TU, and DP pretreatments are all
in this set. Group III adherends include surfaces treated by either chromic
acid anodization or an alkaline peroxide etch. They are characterized by a
porous oxide with high micro~roughness and low macro-roughness. The details
of the characteristics of Ti surfaces treated according to Group I, II, and

IIfL pretreatments are discussed below.

Gtoup I Pretreatments == Viewed at low magnification (~ 1000X), the PF- and

MPF-treated adherends appear similar, The surface contrast is generated
primarily by a difference in the etching rate of the a(hcp) and B(bcc)

phases: the B phase, which 18 etched more slowly then the a phase, appears
in high relief at the surface. Low-magnification images of these two

adherends appear similar to those presented in conventional SEM or replica

* A macro-rough surface is defined as an uneven surface with characteristic
bumps or Jjagged edges about 1.0 um or greater. Micro-rough surfaces
have fine structures with dimensions of 0.1 um or less.

- 13 -
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TEM micrographs obtained by other tnvestigators.("‘tlz) An example of a
PF surface 18 shown in Figure 1,

At higher magnifications (20,000X and up), a fine surface morphology
can be detected that distinguisihes the two processes in this group. Figures
2a and 2b show stereo micrographs of the fine structure on PF- and MPF-
treated surfaces, respectively. The fine structure shown in Figure 2a 1is
distributed evenly through the o phase, while the ridges formed by the MPF
process, shown in Figure 2b, vary in height and degree of coverage from
one grain to another. In both cases, the f-phase oxide 1s relatively smooth
and featureless. In general, neither of these adherends exhibits sufficient
roughness to yleld a significant mechanical component in bond atrength.

The thickness of the PF oxide was found to be 200 A, basad on the
time required to remove it by sputtering, This value agtees with Smith's
ellipsometric measurement., (4) However, the MPF oxide was only about 80 A
thick.

Auger analysis of these adherend surfaces suggested that small quanti=-
ties of the pretreatment chemicals used in the PF process adsorbed onto the
gsurface. For example, the spectra from the MPF-~treated adherend (Figure 3)
indicate that Na (from the NajPO4) and F (from HF and KF) are retained on
the surface.

Electron diffraction from thin filims treated according to the PF
specifications yie.lded little detectable contribution from the thin (less
than 100 A) oxide. The diffuses scattering observed was too weak to be

accurately indexed.

12. K.W. Allen and H.S5. Abalin, J. Adhesion 6, 229 (1974).

- 14 -




Figure 1.

A collage of electron micrographs of the surface of PF-treated Ti.
This adherend shows little macro-roughness.
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Figure 2. Stereo electron micrographs of Ti1 adherends treated by (A) phos=~
phate fluoride process and (B) modified phosphate fluoride process.
Nefther of these adherends provides sufficient micro-roughness to
promote mechanical interlocking with the primer.
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Group II Pretreatments —-- The four pretreatments listed under the Group II

classification all produce a large degree of macro-roughness, Imaged at
low magnifications, the adherends prepared by the DA, TU, and LP treatments
appear very similar, Low-magnification micrographs of the DA and TU adher-
ends are presented in Figures 4 and 5a, respectively. In both cases, there
are protrusions that extend several microns above the surface. However,
these features are characteristic of the Ti substrate and not the oxide,
which ranges in thickness from about 60-200 A depending on the pretreat-
ing process. One obvious difference between the surfaces in the two micro-
graphs 1is the presence of Fe, or Fe-containing particles, on the TU adharend.
The origin of these micron-sized particles is unknown.

At higher wapuiflcation, other differences between these three sur-
faces emerge. While the DA adherend has no distinguishable fine structure,
the thicker TU and LP surfaces do, as shown in Figures 5b and 6, respec-
tively. Though both the macro- and micro-roughness of these adherends
should yield some mechanical interlocking, we do not expect as large a
mechanical bond component from them as from the microporous FPL or PAA
oxides on Al. We suspect that the DA-treated surface will provide the
least mechanical interlocking because it displays only macro-roughness.
However, the TU- and LP-treated adherends should have similar and higher
levels of mechaniral 1interlocking because of theilr comparable macro-
and micro~morphologles.

The DP surface, shown in Figure 7, is quite different from the other
surfaces in this group. Apparently, dry abrasion of the Ti surface results
in a heavily deformed and fragmented surface with a great deal of macro-

scoplc roughness. This treatment also spreads Aljp03 over the surface. The

- 18 -
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Figure 4. A collage of electron micrographs of the surface of DA-treated Ti.

This adherend shows little micro-rouphness but a significant degree
of macro-roughness.,
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Figure 5. (A) low magnification and (B) high magnification stereo micrographs
of a Turco 5578 adherend, showing both macro- and micro-roughness.
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Stareo electron micrograph showing the micro-roughness character-

{stic of the LP adherend.

Figure 6.

-~ -
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Figure 7.

Stereo electron micrograph of the adherend formed by the dry hone
PASA JELL 107 treatment.
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oxide resulting from this treatment is roughly 100-200 A thick, the large
uncertainty due in part to the roughness of the surface and the presence
of embedded Al;03.

Auger/ESCA chemical analysis of these surfaces showed a variety of
contaminants. For example, the DA (a chromate conversion coating) and
PASA JELL treatments both left Cr on the surface. The PASA JELL treatments
also contaminated the surfaces with fluoride. In addition, large quantities
of Al were found on the adherends treated by LP and DP processes, and Fe,
as discussed above, was found on the TU adherend. The effect of these
contaminants on the bondability of Ti adherends will be discussed in "Fail=-
ure Analysis of Wedge Test Panels.”

Of the Group 1I adherends, only the TU oxide was examined using
electron diffractions The honing procedure could not be performed on thin
foils, and the chemicals needed for the DA treatment have yet to be obtained.
The TU~treated oxide ylelded a ring diffraction pattern, indicating clearly
that the oxide was crystalline, rather than amorphous as are those grown
on Al, Nevertheless, the pattern obtained could not be indexed as rutile,
anatage, or any of the standard titania structures found in the ASTM X-ray

diffraction file.

Group Il Pretreatments —- The adherends in this category (which include

those treated by both 5V and 10V CAA and AP processes) are characterized
by thick, porous oxides. At low magnification (Figure 8), the CAA surface
appears smooth. YHowever, at high magnification (Figure 9b), a porous,
FPL-like oxide is observed, with a 300~A cell size and protrusions that

extend 300 A above the cells. Unfortunately, as shown 1in Figure 9a, the

- 23 -
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s of the surface of a 5V CAA Ti

Figure 8. A collage of electron micrograph
o~toughness.

adherend. This adherend exhibits little macr
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Figure 9. Stereo electron mi ographs of Ti alherenda treated by (A) 5V CAA
process and (B) alkaline peroxide process. Both adherends exhibit
a microporous oxide that should provide a strong mechanical inter-

lock with the primer.
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porous structure does not completely cover the surface. 1In fact, we have
observed that about 10% of the 5V CAA-treated surface 1s smooth, whereas
a coasiderably greater area on the 10V CAA surface lacks microscoplc
roughness. The origin of the smouth areas is.not known with certainty,
but they are probably the result of a hydrocarbon contamination layer.
Experiments at the Laboratories using combinations of chromic acid and
ammonium fluoride yielded a surface with no non=porous areas.

The thicknesses of the oxides on the 5V and 10V CAA adherends were
determined by Auger depth profiling to be about 400 A and B0OO A, respec~
tively, These oxides are censiderably thicker than those for Group 1 and
Group IT adherends. For comparison, Figure 10 shows the Auger depth profile
for the thin oxide on a DA Group II adherend and the thicker oxide on a 10V
CAA Group ITI adherend. The relative thicknesses of the two may be approx-
imately determined from Figure 10 from the ratio of the sputtering times
required to reduce the O peak to half {its mazimum value, The ratio for
these oxides is about 0.07%,

Both the Auger depth profile of the CAA oxide (Figure 10) and the
Auger apectra (Figure ?) indicate that about 6% of a monolayer of F 1is
present on the surface. This amount of F, which 18 probably adsorbed
during anodizing with the chromic acid-ammonium fluoride electrolytes, 1is
greater than that left by any of the other treatments.

Since the alkaline peroxide adherends were processed at the Labora-
tories, we were able to vary thelr pretreatment and suiface morphology
conslderably. Depending on bath temperature, concentrati‘on, and immcrsion
time, the thickness and pore size of the oxide could be increased with in-

creasing temperature. Figure 9b shows the adherend surface of Ti treated

- 26 -




AUGER PEAK-TO-PEAK HEIGHT (arbitrary units)

Figure 10.

(A) | SPECIMEN DA T

o LY N { 1 )

(B) ) SPECIMEN CAA - 10V

1 1
10 15 20 25 30 35
SPUTTERING TIME (min)

Auger depth profiles of (A) the thin oxide on the DA adherend
and (B%

at 30 A/min, the DA oxlide was determined to be 60 thick
and the CAA oxide 800 A thick.

the thick oxide on the 10V CAA adherend. By sputtering
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in 0.4M NaOH/0.5M Hg0n for 1 hour at 65°C. Auger depth profiling showed the
oxide to be 1350 A thick, Unlike the CAA porous oxides, these oxides had no
protruding whiskers, Chemical analysis indicated that these adherends
were comparatively clean, with only small quantities of Na retained on the
surface.

Electron diffraction of both the CAA and AP oxides revealed a
ring pattern, indicating that they were crystalline. An image of the CAA
oxide, obtained using the transmission mode of the STEM, and an electron
diffraction pattern of the oxide are shown in Figure 1ll. The diffraction
pattern indicates clearly that the oxide is rutile, the tetragonal form of
Ti03. The pattern of the oxide shown in Figure 9b could not be indexed as
rutile, anatase, or any other phase, using the standard diffraction file.

A similar observation was made pteviously by Mahoon and Cotter,(9)

Stability of Ti Oxides in Humid Environments

Recent work at Martin Marietta has shown that the integrity of bonds
with Al is degraded in humid environments by the transformation of FPL or
PAA oxides to a pseudo-boehmite hydroxide with a “"cornflake" morphology.
Accordingly, we decided to determine if Ti oxldes were subject to a similar
transformation-induced failure., Hence, we conducted a varlety of experi-
ments to determine the stability of the oxides grown on T{ in humid environ-
ments. Specimens pretreated by all the processes listed in Table 1 were
placed in a 140°F, 100% R.H. environment for 10 days and were then examined
in the STEM. Additional specimens were placed in B80°C water for periods
up to 18 hours. 1In all cases, little or no significant changes were ob-
served, indicating that Ti oxides are much more stahle than Al oxides in
these environments. Figure 12 compares the stability of CAA-treated Ti

- 28 =




Figure 11.

(A) bright field transmission electron micrograph and (B) elec~-
tron diffr~-rion pattern of an oxide grown using the 10V CAA

process. The diffraction pattern identifies the oxide as having
a rutile crystal structure.
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hydroxide shown in (B) while the CAA Ti oxide in (C) shows no

The FPL oxide on Al in (A) transforms to the “"cornflake”
change (D).

Figure 12, FPL Al and CAA I'i oxides before and after 1 hr in 80°C water.
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and FPL-treated Al. After 2 minutes in 80°C water, the characteristic FPL
morphology has been completely modified due to the transformation of the
oxide to a hydroxides, On the other hand, the CAA oxide has undergone no
morphological change even after being exposed for 1 hour to the hot water
environment. Tests on other Ti adherends indicated that they all exhibit
similar stability in these environments. Therefore, unlike Al, bonds to

Ti will likely not be limited by the instability of its oxide.

Failure Analysis of Wedge Test Panels

Introduction =— The durability of bonds to Ti in a humid environment has

been determined by Brown, who performed wedge tests on panels treated
according to the pretreatment processes listed in Table 1 (except for AP).
The panels were bonded with the FM300K/BR127 adherend/primer system. His
results, plotted as cra.. extension vs time in a 140°F, 100% R.H. environ-
ment, are shown in Figure 13.

The results indicate that, in general, bonds to Group III adherends
are more durable than those to Group II adherends, which, in turn, are
more durable than those to Group I adherends. Hence, a direct correlation
exists between morphology and durability for Ti adherends. For the LP- and
CAA-treated adherends, the failure was obviously cohesive. In the other
cases, fallure appeared (with the unaided eye) to be adhesive. The results
of examinations of the adheaive and metal saides of the failure surface

using STEM and Auger/KSCA techniques are presented in the following sections.

Failure Analysis of Group I Wedge Test Panels =~ The chemistry and morphol-

ogy of the PF= and MPF-treated adherends after wedge testing, as well as the
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primer surfaces that were 1in contact with these adherends, were very
similar. In both cases, the primer surfaces were almost perfect negative
images of the adherends to which they were bonded. Figure 14 shows a
collage of photographs of the primer that debonded from the PF=1 adherend.
Most of the surface displays boundary-like regions which were cleatly
bonded to the boundary~like depressions characteristic of phosphate fluoride
adherends (see Figure 1), 1In addition, there are large pits on the surface
that have no direct analog on the original MPF surface, Thase areas of
the primer have undergone some cracking due to tensile strasses imposed
during the wedge test,

ESCA spectra of primer that debonded from the PF adherend (Figure
15) indicate that no Ti 1s present on the primer after tha debonding of a
Group I adhereand. In addition, an Auger depth profile indicated that this
oxide thickness was identical with that found for the prebonded adherend.

Taken together, these results indicate astrongly that the bond strength
for Group I adherends is dominated by the chemical bonding component (not
the mechanical bonding component). Bonds of this type, which fall into
the general classification of van der Waals, or dispersion forces, are
weakened in the presence of water. Hence, in a wedge test, the primer sim-

ply 1lifts off the Ti adherend, with relatively little energy absorption.

Failure Analysis of Group II Wedge Test Panels =- In this group, the dugree

of adhesive fallure varied considerably with the particular adherend. Only
the DP- and DA-treated adherends exhibited extensive adhesive fallures.
The TU adherend showed some gpots of adhesive failure while the LP adherend
produced none. Thus, the primer and metal surfacF of all but the LP surfaces
were examined.
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Figure

14,

A collage of electron micrographs of the surface of primer
that had debonded from the MPF surface after an adhesive
failure., The surface is a nearly perfect negative image of
the MPF adherend.
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Figure 15,

BINDING ENERGY (eV)

ESCA spectra of the BR127 primer after an adhesive failure.
(A) primer bonded to the PF adherend, (B) primer bonded to the
DA adherend. The spectra for (A) show no Ti, while those for
(B) do show T1, indicating that the DA adherend providea some
mechanical interlocking with the primer.
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The primer and Tl portions trom the falled DA panels, shown in
Figures 16 and 17, indicate that the failure mechanism for debonding in
a Group II adherend 1is different than for a Group I adherends In this
cage, the surface morphology of the primer 1s not a simple negative image
of the prebond 41 surface (shown in Figure 4). Although the primer surface
does show the macro-roughness characteristic of the DA-5 surface, the
depressions in the primer are less regularly distributed and appear more
fragmented, The Ti side of the DA wedge test panel also appears much nore
irregular than the prebonded gurface (Figure 4). Apparently, separation
of the primer and T1 surface caused some fracture of the Ti protrusions (as
well as deformation of the primer), Thus, some Ti should remain on the
primer surface, and, indeed, the ESCA spectra of the primer surface, shown
in Figure 15, reveal a Ti peake For comparison, the ESCA spectra of the
primer bonded to a Group I adherend, Figure 15, show no Ti peak. Hence,
the mechanical bond reinforcement for this Group II adherend produces less
crack extension and adhesive failure than for a Group T adherend because
crack propagation along the DA primer-metal interface is an energy abdorb=
ing pcocess ylelding a relatively high fracture toughness.

The improved performance with the TU and LP adherends was probably
due to thelr greater micro-roughness, compared to the DA surface. Actually,
slnce the TU and LP adherends were so similar in morphology, 1t was somewhat
surpriging to find that the TU adherend exhibited some adhesive failure
(as judged by the unaided eye), while the LP adherend did not., However,
when we examined the netal side of the TU fallure surface with the STEM,
we found a thin layer of primer covering the surface (Figure 18), {i.e.,

the failure was actually cohesive.
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Figure 16.

A collage of electron micrographs of the primer side
adhesively falled DA-treated Ti wedge test panel.
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Figure 17. A collage of electron micrographs of the Ti side of an
adhesively failed DA-treated Ti1 wedge test panel.
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Figure

18.

A collage of electron micrographs of the Ti side of a falled
TU-treated Ti wedge test panel. A thin layer of primer covers
the surface. The upper £wo boxed areas point to reglons where
Fe particles were fcurd. The area within Lhe lower rectangle
was clearly bonded to u cluster of Fe particles.
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It should also be noted that Fe particles were found on this surface
just as on the prebonded surface. Fe particles were also found on the
adhesive side of the failare (Figure 19)., The presence of Fe on both sides
of the failure surface suggests that failure actually occurred along the
line ot Fe particles. Thus, we suspect that Fe particles act as stress
raiserd which localize fallure near the Ti adherend. This chemical differ-
ence between the TU and LP adherends appears to explaln their slightly
different failure modes.

The failure surfaces of the DP wedge test panels were not as reveal-
ing ag the DA surfaces. Because the prebonded surface was very highly de-
formed, it was difficult to detect any additional deformation after honding.
ESCA of the adhesive side of the failure did not reveal any Ti, suggesting
that this surface affords the least mechanical interlocking of the Group

I1 adherends.

Failure Analysis of Group IIT Wedge Test Panels =~ The fallure of the bonds

to CAA-treated adberends, the only ones tested in this group, was cohesive.

Apparently, the porous adherends provided by the CAA process allow sufficient

mechanical interlocking b~*ween the primer and Ti panel that the path of
least resistance for crack propagation is through the adhesive, rather

than along the primer-adherend interface.

Fallure Analysis of Lap Shear Panels

Wegman obtained stress durability data (140°F, 100%Z R.H.) on Ti
panels bonded with different sets of adhesive primer systems to MPF and LP

adherends. The falled specimens were subsequently sent to us for analysis.
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The MPF lap shear specimens showed extensive adhesive failure, as did

the failed MPF wedge test panels. But, unlike the LP wedge test panels, the

LP failed lap shear durability panels showed adhesive fallure. i

The T1 side of the MPF failed lap shear specimen showed some unusual 2

markings. Figure 20 shows a stereo micrograph of a part of the adheaively %

failed surface of this apecimen, which had been bonded using the EA9628H/BR127 L
adhesive/primer systems The specimen pulled apart after loading for 61.2

hours with 800 psi, The surface shown does not display any of the ridges .
‘ observed previously but does exhibit a fine structure that has not yet
been clearly identified (areas that show these markings are too small to
| be chemically analyzed using Auger/ESCA techniques). Thus, it appears that
pure watet does not cause changes in the oxide, but other environments, such

as salt water, may.
Adhesively failed LP lap shear panels were also examined. These ; ;
specimens proved much more durable than MPF panels (2000 psi for 1372 hours

before debonding) and showed no evidence of morphological degradation:

the macro- and micro-structure observed on the surfaces were similar to
those found on prebonded coupons.

To date, the results on the lap shear panels are incomplete and it 1is
not yet possible to draw specific conclusions from them. However, both the
riechanical data and the failure analysis agree reasonably well with wedge

test results.

The Effects of Pretreatment Variables on the Adherends

During the course of this work, we have experimented with new pre-

treatment procedures, as well as standard ones. Some of our observations

are summarized below.




e

Figure 20.

Stereo electron micrograph of the surface of a MPF lap shear
specimen which had failed adhesively when loaded for 61.2 hr
at 800 psi in a 140°F, 100% R.H. environment.
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1Y)

2)

D)

4)

3)

The immersion time of T{ in a phosphate fluoride process !
affects the size of boundary-like reglons on the surface,
L.e., the longer the immersion bath, the larger the cells.
An adherend morphology similar to that observed for the ;
10V CAA-treated spacimens aupplled to us can be developed ,
with the following electrolyte and conditions:

5 wtoX% chronic acid

1 g/liter NH4F

ov

Anodized for 20 min at room temperature.
Substituting phosphoric acid for the chromic acid in this
process does not yleld a porous oxide.
Anodizing (5-20V) in phosphoric acid, chromic acid, sodium
hydroxide, or oxalic acid (without any NH,F) does not yleld a

porous oxide.

Hot temperature rinses (65°C) are required after a phosphate

fluoride treatment to remove excess KF and NajPO4 contaminants.
Depending on concentration, treatment temperature, and time, the
pore size resulting from an alkaline peroxide treatment can be
varied from over 1000 A to under 100 A. Large pores result
under conditions of high temperature, long treatment times, and

low concentrations of NaOH.

- 44 =

e s ko o



4. DISCUSSION

The results of this study emphasize the importance of bonding to
an adherend that is both environmentally stable and sufficiently rough to
provide a mechanical interlock with the adhesive, Bonds made to suitable
adherends are both strong and durable.

Our studies of the stability of T1i adherends in the range of tem~
peratures and humidity used for wedge and lap shear durability testing
indicate that: 1) the oxide undergoes no significant morphological changes,
and 2) no dramatic oxide-to-hydroxide transformation takes placa, as for
Al. Previous workers have suggested that oxides grown on titanium undergo
a transformation which converts the unstable form of TiOy (such as anatase
or brookite) to the stable rutile form, resulting in reduced durability.
Studies by Hamilton<13) have suggested that the anatase form of Ti0,
is most favorable for bonding since it has s lower affinity for water than
does the rutile form. Hence, the transformation from anatase to rutile
weakens the bond and reduces durability. We have not completed studies of
structural changes of the various oxide adherends with time, but our study
of the as~grown oxides seems to refute this explanation for differences in
durability. We have not observed the anatase form of the oxide on any of
the adherends, 1In addition, and in direct contradiction to Hamilton, the
oxide on the CAA adherend, which is in the rutile form, shnws the greatest
durability. Hence, it is unlikely that any crystal structure transform—

ation can account for relative differences in bond durability,

13, W.C. Hamilton and G.A. Lyerly, Gillette Research Institute, Technical
Report 4105, 1971,
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Rather, the chemical and morphological stability of the treated Ti
adherends {8 the key to understanding their relative durability. For
bonds to stable oxides, bond durability is related to initial bond strength.
Hence, we find that the greater the mechanical interlocking of the adher-
end with the epoxy, the greater the bond durability. This explanation
accounts for the dramatic difference in bond durability between PF and CAA
adherends. While the smooth PF adherend produces a large adhesive crack
extenslon, the micro-rough CAA adherend does not permit any fracture at
the oxide/primer interface.

In contrast, it should be noted that the FPL oxide on Al, although
micro-tough, allows adhesive crack propagation due to the instability of
the oxide in moist environments. Thus, even though a mlicro-rough oxide
ensures good initial bond strength for Al, it does not by itself provide
adequate long-term durability. However, the combination of oxide stability
and micro~roughness that can be developed on TL by the CAA or alkaline
peruvxide processes indicates that the future of Ti adhesively bonded struc-

tures is very bright,.
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5. CONCLUSIONS

The important conclusions of this study on the bondability of Ti

adherends are:

(1)

(2)

3

(4)

(5)

(6)

)

The PF and MPF processes produce thin oxides with 1little

micro- or macro-roughness and low bond durability.

The DA, DP, CP, and TU processes yield thin, macro-rough
oxides that produce 1intermediate to high bond durability,

depending on the degree of micro-roughness.

The CAA process ylelds a thick, porous, FPL-like oxide that

induces high bond durability.

Only the CAA oxide was observed to possess the rutile form

of titanium,

The treated Ti1 gurfaces are much more stable ian hot, humid

environmeants than those on Al,

Analysis of wedge test adhesive failures of the PF and MPF
adherends suggests that the primer simply lifts off the

Ti adherend, with relatively little energy absorption,

Analysis of wedge test adhesive failures of the DA adherand

suggestas that crack extension requires deformation of the

- adherend surface to pull the primer and adherend apart.
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(8) Analysis of wedge test samples using CAA adherends indicates

that the failure is always cohesive.
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